In the interleukin 3-dependent hematopoietic cell line Ba/F3, inhibition of mitogen-activated protein kinase, a member of the MAPK/c-Jun N-terminal kinase/stressactivated protein kinase kinase family that plays an important role in cell growth and death control, rapidly leads to severe apoptosis. However, most of the antiapoptotic substrates of MAPK remain to be identified. Here we report that, upon interleukin-3 stimulation of Ba/F3 cells, the transcription factor GATA-1 is strongly phosphorylated at residue serine 26 by a MAPK-dependent pathway. Phosphorylation of GATA-1 increases GATA-1-mediated transcription of the E4bp4 survival gene without significantly changing the DNA-binding affinity of GATA-1. Further characterization of GATA-1 phosphorylation site mutants revealed that the antiapoptotic function of GATA-1 is strongly dependent upon its phosphorylation at the Ser-26 position and is probably mediated through its up-regulation of Bcl-X L expression. Taken together, our data demonstrate that MAPK-dependent GATA-1 phosphorylation is important for its transactivation of the E4bp4 gene, Bcl-X L expression and cell survival. Therefore, GATA-1 may represent a novel MAPK substrate that plays an essential role in a cytokine-mediated antiapoptotic response.
GATA-1, the founding member of the GATA family of transcription factors, was initially identified as an erythroid-specific nuclear protein that binds to consensus GATA motifs, (A/T)GATA(A/G), present in various erythroid regulatory gene promoters, enhancers, and locus control regions (1, 2) . GATA-1 is expressed in several tissues and participates in the transcriptional regulation of most erythroid and megakaryocytic expressed genes (3, 4) . In addition to regulating differentiation, GATA-1 may also control cell survival. In GATA-1 Ϫ/Ϫ erythroid precursors, cellular maturation is accompanied by apoptosis, suggesting a role of GATA-1 in cell survival (5, 6) . Subsequent studies showed that the Bcl-x gene has two GATA consensus motifs in the 5Ј promoter region (7) , and ectopic expression of GATA-1 induces the expression of Bcl-X L in GATA-1 Ϫ/Ϫ erythroid progenitor cells (8) . GATA-1 also suppresses IL 1 -6-induced apoptosis and up-regulates the expression of Bcl-2 in M1 myeloid cells (9) . Moreover, GATA elements are found in the promoters of other antiapoptotic genes such as nitric-oxide synthase (10, 11) and antioxidant enzymes (12) . Therefore, GATA-1 may sustain the viability of terminally differentiated hematopoietic cells via a yet unidentified genetic pathway.
Phosphorylation plays a critical role in modulating the activity of transcription factors in vivo. This post-translational modification rapidly modulates protein activity in response to changes in environmental conditions, metabolic activity, or hormonal signaling (13) . The effect on the activity of individual transcription factors is variable but includes a change in DNA binding, cellular localization, or the potential to interact with other transcription factors (13) . Crossley and Orkin (14) have characterized the phosphorylation sites of GATA-1 in MEL cells before and after Me 2 SO-induced differentiation. GATA-1 possesses six constitutive phosphorylation sites at serines 26, 49, 72, 142, 178, and 187 and one inducible site at serine 310 that responds to Me 2 SO treatment (14) . There is conflicting evidence regarding a role for phosphorylation of GATA-1 in influencing its DNA binding or transcriptional activity. In one study, no effect of phosphorylation of GATA-1 was found (14) . However, in another study, the DNA binding of baculovirusexpressed human GATA-1 was reported to be sensitive to treatment by alkaline phosphatase (15) . A more recent study showed that the level of GATA-1 phosphorylation increases after the induction of K562 cells with Me 2 SO and that phosphorylation increases the binding affinity of GATA-1 for a canonical binding site (16) . These seemingly conflicting data may stem from different model systems utilized in each study.
In a previous study, we demonstrated that expression of the survival gene E4bp4 is transcriptionally regulated by IL-3 and that a GATA motif downstream of the major transcription initiation site is essential for E4bp4 expression in the IL-3 dependent Ba/F3 hematopoietic cell line (17) . We also demonstrated that GATA-1 binds to the E4bp4 promoter in vivo and plays an important role in E4bp4 transcriptional activation. Furthermore, we showed that GATA-1 is involved in the antiapoptotic signaling of IL-3 (17) . Since GATA-1 appears to me-* This work was supported in part by an intramural fund from Academia Sinica and by National Science Council of Taiwan Grants NSC-91-2320-B-001-046 and NSC92-2320-B-001-039 (to J. J. Y. Y.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
diate IL-3-dependent survival responses, defining the mechanisms by which the GATA-1 gene and protein are regulated by IL-3-dependent signaling should provide important clues regarding antiapoptotic mechanisms in committed cells. In this study, we explore the mechanism by which IL-3 regulates the function of GATA-1. We show that phosphorylation of GATA-1 by ERK mediates its transcriptional activity induced by IL-3. Mutation of the GATA-1 phosphorylation site inhibits its antiapoptotic function and induction of Bcl-X L. These data suggest that GATA-1 phosphorylation is essential for cell survival.
MATERIALS AND METHODS
Cell Cultures-Ba/F3 (murine IL-3-dependent pro-B cell line) cells and bone marrow-derived IL-3-dependent primary cells (18) were cultured as described previously (17) . COS-1 cells were maintained in the standard culture medium (19) , and Ba/F3 derivatives expressing GATA-1-ER (GER) (20) , GATA-1S26E-ER (S26EER), and GATA-1S26A-ER (S26AER) were maintained with 5 g/ml puromycin as described by Rao et al. (21) . For experiments involving kinase inhibition, PD98059 (final concentration, 50 M), U0126 (50 M), wortmannin (0.1 M), LY294002 (50 M), JIP-I (1 M), rapamycin (50 M), SB203580 (5 M), and SB202190 (5 M) were all purchased from Calbiochem. Estrogen (␤-estradiol, E2257) was purchased from Sigma and was used at a final concentration of 0.1 M.
Western Blotting-Total cell lysates and nuclear extracts were prepared, fractionated, and visualized as described in the standard Western blot protocol described previously (17) . The following rabbit polyclonal antibodies were used to detect the expression of specific antigens. Anti-GATA-1 (N6), anti-Bcl-XL (M-125), anti-Bcl-2 (⌬C21), and antiBax (N-20) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); anti-p-ERK1/2 and ERK1/2 were from Cell Signaling Technology, Inc.; anti-␤-actin (AC-15) and FLAG (M2) were from Sigma. Anti-murine Mcl-1 antibody was kindly provided by Dr. H.-F. Yang-Yen (Academia Sinica). The polyclonal rabbit anti-p-GATA-1 was raised against the synthetic peptide SALVSpSPSDSTGFC (where pS represents phosphoserine) by Bethyl Laboratories Inc. (Montgomery, TX) with no ability to recognize the control peptide SALVSSPSDSTGFC (data not shown).
Phosphatase Treatment of Nuclear Extracts in Vitro-Nuclear extracts of Ba/F3 cells were prepared as described by Yu et al. (17) with Dignam extraction buffer. Fifteen g of extracts were used for each reaction, and 1 unit of protein phosphatase 2A (Upstate Group, LLC) was added to the extracts with or without 1 M of okadaic acid (Calbiochem). The samples were then incubated for 1 h at 30°C. Alternatively, calf intestinal alkaline phosphatase (New England Biolabs) was added to the nuclear extract. After 1 h at 37°C, the reaction mixture was analyzed by immunoblotting with anti-GATA-1 antibody (N6; Santa Cruz Biotechnology).
Plasmid Construction-The pGEX-3X-based Escherichia coli expression constructs that would direct the synthesis of the GST-tagged various deletions or point mutations of GATA-1 are listed in Table I . All point mutants of GATA-1 were generated by PCR-based sitedirected mutagenesis. For those constructs involving PCR or sitedirected mutagenesis, the nucleotide sequences were confirmed by sequencing. W1 is a mammalian expression vector expressing FLAGtagged GATA-1. W1M1, W1M2, W1M3, W1M4, and W1M5 are identical to W1 except that they encode a mutant GATA-1 with alanine or glutamic acid substitution at the following residues as indicated: W1M1, with an S26A mutation (Ser-26 mutated to Ala); W1M2, with S26A, T101A, S107A, and T108A mutations; W1M3, with S26A, S170A, S174A, and T176A mutations; W1M4, with S-26A, T101A, S107A, T108A, S170A, S174A, and T176A mutations; and W1M5, with an S26E mutation. W1, W1M1, and W1M5 were subcloned into the pCMXGal4-DBD vector (22) to generate W2, W2M1, and W2M5, respectively. Plasmid pEBB-GATA-1/ER was described previously (20) . Expression plasmids encoding FLAG-tagged dominant negative MEK1, dominant negative ERK1, and dominant negative AKT, were provided by Dr. H.-F. Yang-Yen.
Reporter Gene Assay-Ba/F3 or COS-1 cells were transiently transfected with the indicated plasmids by electroporation or Lipofectamine transfection kit (Invitrogen), and the cell lysates were assayed for the luciferase activity as previously described (17) .
Northern Blotting-Total RNA was isolated from Ba/F3 cells and bone marrow-derived IL-3-dependent primary cells of BALB/c mice with the TRIZOL reagent kit (Invitrogen). Approximately 30 g of total RNA from each treatment were then subjected to the standard Northern blotting as previously described (17) 
In Vitro Kinase Assay-Cell lysates were subjected to immunoprecipitation with ERK1/2 antibody, and the immunocomplexes were analyzed for kinase activity according to the vendor's instruction (Cell Signaling Technology, Inc.). In some reactions, active recombinant ERK1 and ERK2 purchased from Upstate Biotechnology, Inc. (Lake Placid, NY; catalog number 14-439) were used to replace immunocomplexes in kinase reactions.
Quantitation of Apoptotic Cells and Mitochondrial Membrane Potential Analysis-Annexin V staining of the apoptotic cells (BioVision Research) was performed according to the vendor's instructions and was described previously (17, 23) . The viability of cells was determined by trypan blue exclusion. Loss of mitochondria membrane potential was monitored by rhodamine 123 staining (24) .
RESULTS

IL-3 Induces
Hyperphosphorylation of GATA-1-The genetic pathway of apoptosis is highly conserved throughout evolution from nematodes to humans (25) . Within the regulatory pyramid of this pathway, E4BP4 acts as one of the initial responses to extracellular stimulation, suppresses the suicidal reaction, and prevents cells from disintegration. We previously demonstrated that GATA-1 is a key regulator of the E4bp4 gene and is also an essential component of the antiapoptotic network of IL-3 in an IL-3-dependent pro-B cell line (17) . In this report, we sought to investigate how IL-3 regulates GATA-1, which in turn induces the expression of E4bp4.
First we tested whether the protein level of GATA-1 is altered by IL-3. Western blot analyses of the total lysates of Ba/F3 cells with GATA-1-specific antibody revealed that the protein level of GATA-1 was rapidly decreased upon IL-3 stimulation at 10 min and then gradually returned to the base-line level (Fig. 1A, lanes 2-5) . Interestingly, a slower migrating species of GATA-1 (M-GATA-1) is evident (Fig. 1A, top panel) . Accumulation of this modified form of GATA-1 was maximal after 10 -20 min of IL-3 induction (Fig. 1A , compare lanes 2 and 3 with lane 1) and declined thereafter to the basal level (Fig.  1A, lane 5) . The phosphorylation status and total protein levels of ERK1/2 were monitored during IL-3 stimulation (Fig. 1A , middle and bottom panels). The result shows that both GATA-1 modification and ERK1/2 phosphorylation events follow similar kinetics. GATA-1 protein levels were quantified by densitometer (Fig. 1B) , and the results suggested that the level of total GATA-1 protein, including M-GATA-1 and GATA-1, is largely unchanged during IL-3 treatment, whereas the ratio between slower and normal migrating species varied.
To investigate whether this IL-3-induced modification of GATA-1 mobility is due to phosphorylation, we treated nuclear extracts with protein phosphatase 2A or calf intestinal phosphatase. Extracts from cells not treated with IL-3 were included as a control (Fig. 1C, lane 1) , showing the migration of GATA-1 in unstimulated cells. Protein phosphatase 2A or calf intestinal alkaline phosphatase treatment of nuclear extracts from IL-3-stimulated cells resulted in the disappearance of the slower migrating form of GATA-1 (indicated as p-GATA-1) and the appearance of a band that ran slightly faster than the unstimulated GATA-1 (indicated as GATA-1*) (Fig. 1C , compare lanes 3 and 5 with lanes 2 and 4 in the middle panel). In the top panel, with fewer proteins loaded in the gel, the protein phosphatase 2A-treated product appeared to be a doublet, and the faster migrating GATA-1 (GATA-1*) presumably represents the hypophosphorylated form of GATA-1. Okadaic acid specifically inhibits protein phosphatase 2A and prevents the conversion of the hyperphosphorylated GATA-1 to the hypophosphorylated form (lane 4). When we treated the nuclear extracts with another potent protein phosphatase, -phage phosphatase, the same hypophosphorylated GATA-1 was observed (data not shown). These data suggested that GATA-1 is probably constitutively phosphorylated in the absence of IL-3 and rapidly becomes hyperphosphorylated upon IL-3 stimulation.
According to previous reports, IL-3 activates GATA-2 through the ERK pathway in hematopoietic cells (26) . GATA-4 also is phosphorylated by ERK in cardiomyocytes (27) . Therefore, we examined whether GATA-1 also is phosphorylated via the MEK/ERK pathway during IL-3 treatment. Pretreatment of cells with a specific inhibitor of MEK, PD98059, but not the vehicle control (Me 2 SO), effectively blocked induction of GATA-1 hyperphosphorylation (Fig. 1D , compare lane 2 with lane 3). Treatment with another MEK inhibitor, U0126, gave the same result (data not shown). However, unlike in vitro treatment with phosphatases ( Fig. 1C ), PD98059 treatment was not able to convert GATA-1 to the faster migrating form, suggesting that the MEK/ERK signaling pathway probably is involved in hyperphosphorylation but not in constitutive phosphorylation of GATA-1.
MEK/ERK Pathway-dependent Induction of E4bp4 -To further investigate whether the MEK/ERK signaling pathway also mediates the induction of E4bp4 expression in response to IL-3, we examined the effect of various pharmacological agents on the activation of an E4bp4 promoter-reporter plasmid in Ba/F3 cells. In good agreement with the results in Fig. 1D showing that hyperphosphorylation of GATA-1 is completely blocked by the MEK inhibitors, we found that PD98059 and U0126 also completely blocked the IL-3-dependent induction of luciferase activity ( Fig 2) . Cells were incubated in the absence (lane 1) or presence (lanes 2-5) of IL-3, and cell lysates were assayed for luciferase activity. In A and B, data are means Ϯ S.D. from three independent experiments performed in duplicate. C, Ba/F3 (lanes 1-4) and bone marrow-derived primary IL-3-dependent cells (lanes 5-7) were cultured in cytokine-free medium for 12 h (lanes 1 and 5) and restimulated with IL-3 for 1 h (lanes 2-4 and lanes 6 and 7). Cells were pretreated with Me 2 SO (DMSO; lanes 1, 4, 5, and 7), PD98059 (PD; lanes 2 and 6), or wortmannin (Wort; lane 3) 2 h before exposure to IL-3. Total RNA was prepared and subjected to Northern blotting with 32 P-labeled probes specific to E4bp4 or G3pdh. The blot was visualized by autoradiography. effect, respectively ( Fig. 2A , lanes 5 and 6). Wortmannin has been shown to slightly inhibit MEK activity (28) . Therefore, the partial inhibitory effect of wortmannin on the E4bp4 reporter may be due to inhibition of MEK instead of phosphatidylinositol 3-kinase. The c-Jun N-terminal kinase inhibitor JIP-I had no effect (Fig. 2A, lane 7) . In contrast, the p70 S6K inhibitor rapamycin ( Fig. 2A, lane 8) and the p38 MAPK inhibitors SB203580 and SB202190 ( Fig. 2A, lanes 9 and 10) slightly, but reproducibly, potentiated the effect of IL-3 on the E4bp4 reporter activity, suggesting that p70 and p38 may inhibit E4bp4 transcription.
In order to further demonstrate the involvement of MEK/ ERK activity in E4bp4 transcription, expression plasmids encoding dominant negative forms of several kinases were transfected along with the reporter construct into Ba/F3 cells. As shown in Fig. 2B , dominant negative mutants of MEK-1 (lane 3) and ERK1 (lane 4), but not that of AKT (lane 5), inhibited activation of the E4bp4 reporter gene by IL-3 (lanes 3-6). However, these suppressions were never greater than 50% even with much higher amounts of expression vectors used in the assay. The underlying mechanism of 50% suppression effect of dominant negative MEK1 and dominant negative ERK1 to the reporter gene activity is still unknown. We cannot rule out the possibility of technical limitation in exogenous gene expression. Alternatively, the involvement of kinases other than MEK1 and ERK1, like MEK5, in transducing IL-3 signal is another conceivable explanation. Nevertheless, our data suggest that the MEK1/ERK1 pathway is an important part of IL-3 induction of the E4bp4 gene.
We next investigated whether the MEK/ERK pathway mediates IL-3 induction of endogenous E4bp4. Ba/F3 cells and bone marrow-derived primary IL-3-dependent cells were treated with or without kinase inhibitors prior to IL-3 stimulation, and total RNAs were isolated from these cells and subjected to Northern blot analysis. Both PD98059 and wortmannin blocked the IL-3-induced expression of E4bp4 (Fig. 2C,  lanes 2, 3, and 6 ). These data reveal that the MEK/ERK pathway plays an important role in mediating the IL-3-induced expression of E4bp4.
Ser-26 of GATA-1 Is the Major Inducible Phosphorylation
Site-To investigate the role of phosphorylation in regulating the transcriptional function of GATA-1, we identified and then mutated the IL-3-inducible and constitutive phosphorylation sites in GATA-1. The coding sequence of GATA-1 was split into the Nand C-terminal fragments (plasmids D1 and D2 in Table I ), which were each expressed as recombinant GST fusion proteins (Fig. 3A, D1 and D2). The recombinant proteins were subjected to an in vitro kinase assay with complexes immunoprecipitated by MAPK antibody from Ba/F3 cell lysates. As shown in Fig. 3B , the D1 fragment of GATA-1 was initially slightly phosphorylated in the absence of IL-3 and became highly phosphorylated upon IL-3 treatment (compare lane 1 with lane 2). In contrast, the D2 fragment was not phosphorylated in the presence or absence of IL-3 (lanes 4 and 3, respectively). These data suggested that both the constitutive and IL-3-inducible sites are probably located in the N-terminal domain of GATA-1.
To further narrow down the location of phosphorylation site(s), the D1 peptide was split into three smaller peptides (see Table I , D3, D4, and D5) that were expressed as GST fusion proteins (Fig. 3A, D3 , D4, and D5) and then subjected to the in vitro kinase assay as shown in Fig. 3C . The D3 peptide was not phosphorylated with lysates prepared from IL-3-depleted cells (Fig. 3C, lane 1) , but it was highly phosphorylated when cells were stimulated with IL-3 (Fig. 3C, lane 2) , indicating that D3 peptide contains a strong inducible site(s) but not the constitutive site. Analysis of D4 and D5 recombinant proteins suggested that the D4 peptide contains a weak constitutive site(s) but not an inducible site (Fig. 3C, lanes 5 and 6) , and the D5 peptide contains a minor inducible site(s) (Fig. 3C, lanes 9  and 10) . To identify the phosphorylated amino acid residues in these peptides, alanine substitutions were introduced into these three peptides at putative MAPK substrate sites (29, 30) or at phosphorylated residues identified by tandem mass spectrum analysis of phosphorylated and nonphosphorylated D4 and D5 peptides (LCQ DECA XPPlus; ThermoFinnigan, San Jose, CA). Recombinant D3, D4, and D5 proteins containing single or combined point mutations were produced and subjected to the in vitro kinase reaction (see Table I ). In the D3 peptide, alanine substitution at Ser-26 (Fig. 3A, D3M1 ) completely blocked the IL-3-inducible phosphorylation by MAPK immunocomplexes (Fig. 3C, compare lane 2 with lane 4) . A combination of three single-point mutations at residues 101, 107, and 108 in the D4 peptide (Fig. 3A, D4M6 ) dramatically eliminated constitutive phosphorylation (Fig. 3C, lanes 5-8) .
Another combination of mutations at residues 170, 174, and 176 in the D5 peptide (Fig. 3A, D5M8 ) abolished the minor phosphorylation by IL-3-inducible MAPK immunocomplexes (Fig. 3C , compare lane 10 with lane 12). Taken together, these results suggest that under the in vitro kinase assay condition described above, candidate constitutive phosphorylation sites include Thr-101, Ser-107, and Thr-108; candidate minor IL-3-inducible sites include Ser-170, Ser-174, and Thr-176, and a major IL-3-inducible site resides at Ser-26. As shown in Fig.  3D , phosphorylation of the D3 peptide was completely inhibited in extracts of cells that were pretreated with PD98059 or U0126 (compare lane 2 with lanes 3 and 4) , suggesting that the major inducible site in the D3 peptide is most likely the substrate of kinases in the MEK/ERK pathway. ERK1/2 Directly Phosphorylates GATA-1 in Vitro-We next examined whether active, recombinant ERK can directly phosphorylate any of these sites mentioned above. In vitro kinase reactions of GATA-1 fragments were carried out using active recombinant ERK1 and ERK2 (see "Materials and Methods"). As shown in Fig. 3E , the D3 and D5 peptides were directly phosphorylated by both kinases (lanes 1, 5, 7, and 11) , whereas the D3M1 and D5M8 peptides were resistant to these kinases (lanes 2, 6, 8, and 12) , consistent with our observations using MAPK immunocomplexes (Fig. 3C) . These data suggest that the major site at Ser-26 and minor sites at Ser-170, Ser-174, and Thr-176 are all direct phosphorylation targets for MAPK in vitro. Interestingly, the D4 peptide was not phosphorylated by either ERK1 or ERK2 (Fig. 3E, lanes 3 and 9) . Therefore, the kinase(s) that constitutively phosphorylates D4 peptide in the absence of IL-3 and is insensitive to the presence of PD98059 is unlikely to be a component in the MEK1/ERK1 signaling pathway, although it was co-immunoprecipitated with MAPK from cell lysates.
Inspection of the peptide sequence around the major inducible MAPK site shows that only the serine-proline dipeptide sequence of the consensus MAPK substrate peptide sequence that is deduced from synthetic peptide libraries (29, 30) is conserved. To investigate whether this serine-proline dipeptide is essential to Table I . The asterisk indicates the amino acids that were replaced with alanine. N-Zn, N-zinc finger in GATA-1; C-Zn, C-zinc finger. B, in vitro kinase assays were performed using D1 or D2 GST-GATA-1 fusion proteins with an ERK1/2 immunocomplex precipitated from lysates of Ba/F3 cells treated with (lanes 2 and 4) or without (lanes 1 and 3) IL-3 . GST, the immunoblot probed with anti-glutathione S-transferase antibody, which serves as the internal control. P 32 , the autoradiograph. C-F, various mutants of GST-GATA-1 fusion proteins as indicated in each panel were subjected to in vitro kinase assays as described in B, except that cells were grown in the presence of the vehicle control Me 2 SO (lane 2), the MEK inhibitor PD98059 (PD, lane 3) , or U0126 (lane 4) during IL-3 restimulation (D) or using active recombinant ERK1 (lanes 1-6 of E; lanes 1 and 2 of F) or ERK2 (lanes 7-12 of E) . G, in vivo Ser-26 phosphorylation detected by anti-p-GATA-1 antibody. The Ba/F3 cells expressing GATA-1-ER fusion protein (GER) were stimulated with IL-3, and cell lysates were subjected to Western blot analysis with either anti-GATA-1 antibody (lanes 1 and 2) or anti-p-GATA-1 (Ser-26) antibody (see "Materials and Methods") ( lanes 3 and 4) .
be recognized by MAPK, we mutated Pro-27 to alanine (Fig. 3A,  D3M3 ) and subjected it to the ERK1 kinase reaction. As shown in Fig. 3F , the D3M3 peptide is highly resistant to phosphorylation by ERK1 (compare lane 1 with lane 2), suggesting that Pro-27 of GATA-1 is indeed part of the MAPK substrate recognition site and required for Ser-26 phosphorylation.
To further demonstrate that the phosphorylation of GATA-1 at Ser-26 occurs in vivo upon IL-3 induction, we raised a rabbit polyclonal peptide antibody specifically against a phospho-Ser-26-containing peptide of GATA-1 (residues 21-34). This antibody does not recognize nonphosphorylated control peptide (data not shown). In the Ba/F3 cells expressing GER (see below), anti-p-GATA-1 antibody only recognized single bands for GATA-1 and GER that co-migrated with the slower migrating hyperphosphorylated GATA-1 and GER, respectively, indicating that both endogenous GATA-1 and exogenous GER are phosphorylated at residue Ser-26 (Fig. 3G, lane 2) . Therefore, our data suggest that the serine 26 phosphorylation occurs both in vitro and in vivo.
Phosphorylation of GATA-1 Enhances E4bp4 Transcription Activity-We showed previously that GATA-1 is able to transactivate the survival gene E4bp4 (17) . We therefore investigated whether phosphorylation of GATA-1 at Ser-26 is important for transactivation of the E4bp4 gene. To address this issue, the FLAG-tagged wild type (W1) or various alanine (W1M1, W1M2, W1M3, W1M4) or glutamic acid substitution mutants (W1M5) of GATA-1 (Fig. 4A) were transiently cotransfected into Ba/F3 cells together with the E4bp4 promoter-luciferase reporter (Fig. 4B) . As shown in the inset of 4B ). In contrast, the S26E mutant (W1M5) exerted a much higher transactivation activity (ϳ2-fold increase) than that of the wild-type protein (compare lanes 2 and 7 of Fig. 4B ). We next examined whether IL-3 stimulation would have a differential effect on the transactivation activity of these proteins. We noticed first that, in the absence of a co-transfected GATA-1 expression vector (i.e. replaced with an empty control vector, V), the E4bp4 reporter was slightly stimulated by IL-3 (compare lanes 1 and 8 of Fig. 4B ), a result probably due to the presence of the endogenous GATA-1 in the Ba/F3 cells (hereafter referred to as the "basal" stimulation activity). Upon IL-3 stimulation, after the subtraction of the "basal" stimulation activity, the transactivation activity of the wild-type GATA-1 protein was further increased to a level that was ϳ160% of that observed under conditions without IL-3 stimulation (compare lanes 2 and 9 of Fig. 4B and lane 1 of Fig. 4C ). Using the same normalization method, the transactivation activities of all alanine (W1M1, W1M2, W1M3, and W1M4) and glutamic acid (W1M5) substitution mutants were not further enhanced by IL-3 treatment of cells (compare lanes 3-7 with lanes 10 -14 of Fig. 4B and lanes 2 and 3 of Fig. 4C ). These data suggest that the alanine substitution of serine at residue 26 (S26A) abolishes phosphorylation and keeps GATA-1 in a transcriptionally less active state, whereas the glutamic acid substitution (S26E) mimics phosphorylation and maintains the function of GATA-1 in a more active state. To investigate whether this phosphorylation-dependent increment of GATA-1 transactivation ability is specific to hematopoietic cells, the same reporter gene assay was carried out in a nonhematopoietic cell line COS-1. Results obtained in COS-1 cells (Fig. 4D) were very similar to that obtained in Ba/F3 cells under conditions without IL-3 stimulation (Fig. 4B) 2 and 9) or the mutants of W1M1-W1M5 (lanes 3-7 and 10 -14) . Transfected cells were incubated in medium without (lanes 1-7) or with IL-3 (lanes 8 -14) for 12 h, and cell lysates were prepared and analyzed for luciferase activity or for expression of FLAG-tagged GATA-1 proteins (see inset in B). C, normalized results of those shown in B to illustrate the relative transactivation activity of wild-type or mutant GATA-1 with or without IL-3 stimulation. For this normalization method, the basal activities caused by the vector control alone (with or without IL-3 stimulation) (lanes 1 and 8) were each subtracted from those activities shown in lanes 2-7 and lanes 9 -14, respectively. After subtraction, the activity of wild-type GATA-1 (W1) in the absence of IL-3 (lane 2) was assigned a value of 100, and the activities shown in all other lanes were normalized to this activity. The normalized results of W1M2, W1M3, and W1M4 are very similar to that of W1M1 (data not shown). D, the expression vector (V; lane 1) or plasmids encoding W1 (lane 2) or the mutants W1M1 or W1M5 (lanes 3 and 4) were transfected into COS-1 cells and were analyzed as described in B. In B-D, data are means Ϯ S.D. from five independent experiments performed in duplicate.
GATA-1 phosphorylation may be essential for full activation of the E4bp4 transcription activity and that the transcriptional machinery that can detect the phosphorylation status at Ser-26 of GATA-1 may be present in both hematopoietic and nonhematopoietic cell types.
Ser-26 Is Part of the Phosphorylation-dependent Transactivation Domain-Phosphorylation might facilitate translocation of GATA-1 from the cytoplasm to the nucleus. However, immunostaining of ectopically expressed GATA-1 and the mutant S26A suggested that both proteins are present inside the nucleus (data not shown). Alternatively, phosphorylation might increase the binding affinity of GATA-1 for its DNA recognition element. However, we observed that -protein phosphatase treatment only reduces 10 -20% of the GATA-1 binding activity in IL-3-stimulated nuclear extracts (data not shown) and that the in vitro translated S26A and S26E mutants of GATA-1 manifested a DNA binding activity that is very similar to that of the wild-type protein (data not shown). These two results suggest that phosphorylation of GATA-1 may not significantly alter its DNA-binding activity. On the other hand, once GATA-1 binds to DNA, phosphorylation may facilitate transcriptional activation. To explore this possibility, wild-type GATA-1, S26A, and S26E mutants were each fused to the Gal4 DNA binding domain to generate the W2, W2M1, and W2M2 mutants, respectively (Fig. 5A) . Plasmids encoding these proteins were cotransfected into Ba/F3 cells along with the Gal4-LUC reporter plasmid. Western blot analysis indicated that all three Gal4 fusion proteins were expressed at similar levels (inset in Fig. 5B ). In the presence of IL-3, the W2 protein activated the reporter gene equally well as the W2M2 (Fig. 5B, lanes 6 and 8) . However, in the absence of IL-3, the W2 protein's activity was much weaker than that of W2M2 and was similar to that of W2M1 (Fig. 5B, lanes 2-4) . Similar results were observed when the experiments were carried out in nonhematopoietic COS-1 cells (Fig. 5C) . Therefore, phosphorylation at residue 26 is essential for the full transactivation activity of the Gal4-GATA-1 fusion protein, and the results suggest that serine 26 is a part of the phosphorylation-dependent transactivation domain.
Phosphorylation of Ser-26 Is Essential for the Cell Survival Activity of GATA-1-We previously demonstrated that overexpression of GATA-1 sustained the viability of Ba/F3 cells in the absence of IL-3 (17) . Here, we seek to investigate whether phosphorylation of GATA-1 Ser-26 is required for its activity in the survival response. Several Ba/F3 derivative cell lines stably expressing the FLAG-tagged W1, W1M1, or W1M5 mutant protein were established. Fig. 6A shows similar levels of the protein expression of one representative clone of these lines.
FIG. 5. Ser-26 is part of the phosphorylation-dependent transactivation domain.
A, schematic representation of wild-type (W2), S26A (W2M1), and S26E (W2M2) GATA-1 proteins fused to the Gal4 DNA binding domain. G in the oval indicates the Gal4 tag; the asterisk and the inverted triangle indicates the amino acid that was replaced with alanine and glutamic acid, respectively. N-Zn, N-zinc finger in GATA-1; C-Zn, C-zinc finger. B, the Gal4-LUC plasmid was transfected into Ba/F3 cells along with an empty expression vector (V; lanes 1 and 5) or expression vectors encoding W2 (lanes 2 and 6), W2M1 (lanes 3 and  7) , or W2M2 (lanes 4 and 8) . Transfected cells were incubated in medium without (lanes 1-4) or with IL-3 (lanes 5-8) for 12 h, and cell lysates were analyzed for luciferase activity or for expression of Gal4-GATA-1 fusion protein (see inset in B). C, the experiment described in B was carried out in COS-1 cells again. Data are means Ϯ S.D. from three independent experiments performed in duplicate. We then studied the kinetics of cell apoptosis by the annexin V staining method (Fig. 6B) during the first 24 h after IL-3 deprivation. As shown in Fig. 6B , the percentages of apoptosis of a S26E-GATA-1-expressing cell line (W1M5, solid circles) and of a mixed population of many stable S26E clones (data not shown) were significantly lower than that of cells expressing wild-type GATA-1 (W1, triangle) 12 and 24 h after IL-3 withdrawal. On the other hand, under the same conditions, the apoptosis percentages of S26A-GATA-1-expressing cells (W1M1, solid square) and the mixed population of many stable S26A cells (data not shown) were slightly, but reproducibly, higher than cells expressing vector (diamond) or the wild-type GATA-1 protein (W1) (Fig. 6B) . These data are consistent with our previous observations (17) and demonstrate that phosphorylation of GATA-1 is crucial for its survival activity.
We next determined whether GATA-1 could protect Ba/F3 cells from IL-3 withdrawal-induced apoptosis in an inducible system. To do this, we established Ba/F3 cell lines expressing estrogen receptor fusion proteins of wild-type or mutant GATA-1. Upon estrogen stimulation, these fusion proteins translocate into the nucleus and activate the GATA-1 target genes (21) . To be certain that fusion with ER does not interfere with MAPK-mediated GATA-1 phosphorylation, GER was expressed in Ba/F3 cells, and its phosphorylation status was examined before and after treatment with IL-3. As shown in Fig. 3G , in the presence of IL-3, a slower migrating band of GER appeared concomitantly with the appearance of the endogenous hyperphosphorylated GATA-1 (Fig. 3G, lanes 1 and 2) . This slower migrating GER was also detected by anti-p-GATA-1 antibody (Fig. 3G, lane 4) , suggesting that GER was susceptible to IL-3 signaling and phosphorylated at Ser-26 similar to wild-type GATA-1 in an appropriate intracellular context.
As shown in Fig. 7A , estrogen has no antiapoptotic activity in the parental Ba/F3 cells nor in cells expressing the S26AER fusion protein (lanes 1 and 5) , albeit the S26AER protein was expressed at a higher level than GER (lanes 2 and 5) . However, apoptosis could be effectively protected in cells expressing either GER (about 50%, lanes 2-4) or S26E ER fusion proteins (about 66%, lane 6). The protection efficiency of each cell line is independent of GATA-1 protein expression levels (Fig. 7A, bottom panel) .
The ability of the ER fusion protein to protect cells from apoptosis seemed to correlate well with its ability to protect mitochondrial membrane integrity and maintain membrane potential. In the presence or absence of IL-3 (Fig. 7B, columns  1 and 2) , the percentage of cells losing membrane potential (⌬) was closely associated with the extent of cells undergoing apoptosis (Death). Moreover, in the presence of estrogen, S26EER, but not S26AER, preserved membrane potential and maintained cell viability very well (Fig. 7B, column 3) . Therefore, activation of the GATA transcription factor probably leads to synthesis of certain antiapoptotic proteins that stabilize mitochondrial membrane integrity. There are several prosurvival Bcl-2 family members, including Mcl-1, Bcl-X L , and Bcl-2 (31) , that can protect mitochondrial membrane integrity. In order to determine whether Blc-2 family members are involved in the antiapoptotic activity of GATA-1, total cell lysates prepared from S26EER cells cultured in the presence or absence of estrogen were subjected to Western blot analysis for the expression of Bcl-2 family proteins (Fig. 7C) . In the presence of IL-3, both Bcl-X L and Mcl-1 were induced, but not Bcl-2 and Bax (Fig. 7C, lanes 1 and 2) . Interestingly, in the absence of IL-3, GATA-1 activation by estrogen only stimulated the expression of Bcl-X L but not that of Mcl-1 (lanes 2 and 3) . These results suggest that induction of Bcl-X L , instead of Mcl-1, might account for the antiapoptotic activity of the estrogenactivated S26EER protein (Fig. 7C, lanes 2 and 3) . Since IL-3-induced Mcl-1 expression is mainly mediated via the phosphatidylinositol 3-kinase/Akt and p38, but not by the MEK/ MAPK pathways (32, 33) , it is consistent with our observation that Mcl-1 could not be induced by GATA-1 that is mainly regulated by the MEK/MAPK signaling pathway. Taken together, these data suggest that phosphorylation at Ser-26 of GATA-1 plays a significant role in preventing apoptosis and that Bcl-X L expression may mediate the antiapoptotic response of GATA-1.
DISCUSSION
Crossley and Orkin (14) have carefully characterized the phosphorylation sites of GATA-1 in MEL cells. GATA-1 possesses six constitutive phosphorylation sites at serines 26, 49, 72, 142, 178, and 187 and one inducible site at serine 310 that responds to Me 2 SO treatment. However, in this report, our in vitro kinase reaction data suggested that in the murine pro-B cell line Ba/F3 the profile of phosphorylation sites in mouse GATA-1 might be very different. Our data suggest that in the absence of IL-3 GATA-1 is phosphorylated at Thr-101, Ser-107, and/or Thr-108 by an unidentified kinase that could be co-immunoprecipitated with ERK1 and ERK2. In response to IL-3 signaling, GATA-1 is further phosphorylated by kinases downstream of MEK1, most likely ERK1 and ERK2, mainly at Ser-26 and to a much lesser extent at Ser-170, Ser-174, and/or Thr-176. Intriguingly, a mutant without any of these phosphorylation sites (W1M4 in Fig. 4A ) still retains significant transcriptional activity in the reporter gene assay (Fig. 4B ) and is capable of induction of erythroid differentiation.
2 Both PD98059 and U0126 could completely suppress the IL-3-activated E4bp4 reporter activity ( Fig. 2A) . However, neither the MEK nor the ERK dominant negative mutants could do so (only ϳ50% inhibition) (Fig. 2B) . Taken together, our results suggest a more complicated signaling scenario for the involvement of MEK/ERK in regulating GATA-1 function. PD98059 and U0126 may inhibit the function of proteins involved in modifying GATA-1 by means other than phosphorylation. Alternatively, since the MEK5/ERK5 pathway is also sensitive to the treatment of PD98059 and U0126 (34) , it is possible that this pathway is also involved in mediating the modulatory effect of IL-3 on GATA-1. However, since the Ba/F3 cells do not contain detectable levels of ERK5, 3 this latter possibility, if it exists, would contribute minimally to the regulation of the GATA-1 functions. More experiments are certainly required to investigate all of these possibilities.
Of particular note, the IL-3-inducible MAPK-mediated phosphorylation sites we described, including both major and minor sites, do not fulfill perfectly the consensus sequence of the MAPK substrate site (PX(S/T)P) (29, 30 ) (see Table I ). Nevertheless, our data indicate that Pro-27 is essential for MAPKmediated Ser-26 phosphorylation, since the P27A mutation completely abolished this event (Fig. 3F) . This suggests that the reaction at this major site still follows the serine-proline dipeptide rule for MAPK. Furthermore, since the D3 peptide (amino acids 2-71) was strongly phosphorylated in vitro by ERK1/2, it suggests that ERK1/2 may dock and recognize the substrate site very efficiently. There is a tentative FF motif (Phe-33 and Phe-34) near the major site Ser-26 that may serve as an alternative docking sequence for MAPKs, like the one described in GATA-2 (35) .
Phosphorylation is a common post-translational modification for various nuclear transcriptional factors to regulate protein function. GATA-4 is phosphorylated in response to cardiac hypertrophic stimuli and hepatocyte growth factor in cardiomyocytes (27, 36) . This phosphorylation event appears to be functionally critical in the transcriptional activation and DNA binding activity of GATA-4 (27) and is required for cellular hypertrophy (27, 36) . Similarly, GATA-3 may be involved in regulation of IL-5 gene expression in T helper 2 cell differentiation, probably via a p38 MAPK-dependent phosphorylation pathway (37) . In hematopoietic cells, both GATA-1 and GATA-2 are phosphorylated upon stimulation by Me 2 SO (14), epidermal growth factor, and cytokines (38) , probably through the ERK pathway (26, 38) . However, a role for these phosphorylation events in controlling either the DNA binding or the transactivation activity by GATA-1 and GATA-2 was not directly demonstrated.
In this report, we provide the first evidence that phosphorylation of GATA-1 at Ser-26 is critical for its transcriptional activation of the E4bp4 gene and for its biological activity in promoting a cellular survival response. Despite the fact that ectopic GATA-1 expression is a very potent signal for cell survival, we know very little about its antiapoptotic mechanism, except for induction of the survival genes E4bp4 and Bcl-X L . E4bp4 could act downstream of GATA-1 and upstream of Bcl-X L ; alternatively, GATA-1 might activate the Bcl-X L and E4bp4 antiapoptotic genes in a parallel manner. If the latter scenario is true, it implies that transactivation of the Bcl-X L gene will also depend upon GATA-1 Ser-26 phosphorylation. Furthermore, the promoter architecture of the Bcl-X L gene would be similar to that of E4bp4. Intriguingly, the promoter region of the Bcl-X L gene in K562 and FL5.12 hematopoietic cell lines contains no canonical TATA box. Instead, there is a consensus YYAN(T/A)YY initiator element (30) at positions Ϫ149 to Ϫ142 near a GATA element (7). It will be of great interest to determine whether GATA-1 phosphorylation affects this promoter. Although Mcl-1 has been shown to be one survival gene activated by IL-3 in Ba/F3 cells (33) , our data indicated that activation of GATA-1 did not lead to synthesis of the Mcl-1 protein. Therefore, the IL-3 survival signal probably induces the expression of Mcl-1 and Bcl-X L via two separate signaling pathways (32, 33 ) that converge at mitochondria to protect membrane integrity and sustain viability.
On the other hand, phosphorylation of Ser-26 appears to be dispensable for erythyroid-specific gene expression (e.g. ␣-globin) and for erythrocyte differentiation. 2 The discrepancy between the E4bp4 and globin gene expression could be due to different promoter architecture. Particularly, the E4bp4 promoter, as we pointed out previously, possesses an initiator element (17) that is essential for its transcriptional activation. 2 Perhaps the transcription initiation complex binding to the E4bp4 initiator is different from that binding to the TATAcontaining core promoter of ␣-globin (40) and that different protein components in the core promoter complexes determine the requirement of the phosphorylation status of GATA-1 at Ser-26. ERK-mediated phosphorylation of GATA-1 also leads to a pronounced shift in electrophoretic mobility in SDS-polyacrylamide gels, suggestive of a conformational change. Phosphorylation at Ser-26 might modulate the interaction of the GATA-1-inducible activation domain with a coactivator or some other component of the transcriptional machinery. In support of this possibility, GATA-1 has been reported recently to interact with a variety of coactivators and components of the transcription complexes, including p300/CREB-binding protein, E2A, SCL, LMO2, and Ldb-1 (40) . Mutations at Ser-26 and Ser-178 significantly interfered with interaction of GATA-1 and the transcriptional factor LIM-only protein LMO2 (38) . Therefore, it is likely that the transcription potential and expression of a GATA target gene can be determined by the phosphorylation status of GATA-1 in addition to specific cisacting elements, trans-acting factors, and extracellular signals.
